Abstract Monitoring changes in evapotranspiration (ET) is useful in the management of water resources in irrigated agricultural landscapes and in the assessment of crop stress and vegetation conditions of droughtvulnerable regions. Information on the impacts of climate variability on ET dynamics is profitable in developing water management adaptation strategies. Such impacts, however, are generally unreported and not conclusively determined in some regions. In this study, changes in MODIS ( are explored. The multivariate analyses of ET over SSA showed that four leading modes of observed dynamics in ET, accounting for about 90% of the total variability, emanated mostly from some sections of the Sudano-Sahel and Congo basin. Based on ManKendall's statistics, significant positive trends (α = 0.05) in ET over the Central African Republic and most parts of the Sahel region were observed. Over much of the Congo basin nonetheless, ET showed significant (α = 0.05) distributions of widespread negative trends. These trends in ET were rather found to be consistent with observed changes in model soil moisture but not in all locations, perhaps due to inconsistent trends in maximum rainfall and land surface temperature. However, the results of spatio-temporal drought analysis confirm that the extensive ET losses in the Congo basin were somewhat induced by soil moisture deficits. Amidst other prominent drivers of ET, the dynamics of ET over the terrestrial ecosystems of SSA appear to be a more complex phenomenon that may transcend natural climate variations.
Introduction
As an essential component of the water budget, evapotranspiration (ET) has been recognised as a primary determinant of water availability together with precipitation, either in terms of groundwater recharge and surface runoff or in the exchanges of energy and mass between the atmosphere, hydrosphere, and biosphere (Andam-Akorful et al. 2015; Long et al. 2014; Liu et al. 2013; Gowda et al. 2008) .
ET is a well-known consumer of irrigation water and precipitation on cultivated land surface that returns more than 60% of total precipitation on land back to the atmosphere (Mu et al. 2011; Jung et al. 2010; Gowda et al. 2008) . On the one hand, ET acts as Fig. 1 Study area showing a some countries in the SSA region, major river basins, climatic zones, and water fluxes (map is modified from Ndehedehe et al. 2017b ). b The distribution of land cover units over West Africa and some parts of the Congo basin that constitutes SSA. The land cover map was obtained from MODIS (MCD12Q1) Land Cover products processed by the Land Processes Distributed Active Archive Center (available at http://webmap.ornl.gov/ogcdown/dataset. jsp?ds id=10004) a connection between the land surface part of the hydrological cycle and the atmosphere (Schüttemeyer et al. 2007 ). On the other hand, its variability, when properly monitored, can be used to support and manage water resources in irrigated agricultural areas and landscapes more efficiently , and assess vegetation conditions of drought-vulnerable regions (Tadesse et al. 2015) .
For terrestrial ecosystems with intensive agricultural activities, the relationship of ET with other hydrological quantities (e.g. groundwater and soil moisture) can be used to understand and improve our knowledge of the water cycle. For example, besides the combined effects of energy supply, water storage, and human impacts, the long-term decline of rainfall in the North China Plain was presented as a substantial trigger of the observed decline in ET (Cao et al. 2014) . ET has been recommended as a critical input for agricultural drought monitoring and a tool for early warning of food insecurity during drought years (Tadesse et al. 2015) . Therefore, understanding the variations of ET (inter-annual and seasonal) over rain-fed agricultural landscapes is vital as it could help identify knowledge gaps and research needs that will promote a better understanding of the water cycle and interactions of the land surface with the atmosphere and climate.
In Sub-Sahara Africa (SSA, Fig. 1a ) where agriculture is heavily and predominantly reliant on rainfall, we have little knowledge about the spatial dynamics in ET despite being a significant part of the terrestrial water cycle. Unarguably, ET varies across landscapes due to land surface characteristics, soil moisture availability, vegetative cover, hydro-climatic differences, and atmospheric relative humidity amongst others. This variability, which impacts on the regional water cycle and water availability, can also remotely or directly impact crop yield and in turn alter food security status. However, studies on ET dynamics in the region are limited and largely undocumented. Although the information of climate change impacts on ET dynamics is useful in developing water management adaptation strategies, Abtew and Melesse (2013) argue generally that such impacts, however, have not been conclusively determined. Obviously, the limited network of stations to monitor ET globally and regionally due to high cost of direct measurement and surface diversity has made it difficult to estimate ET at large spatial scales (Cao et al. 2014; Long et al. 2014; Opoku-Duah et al. 2008) , hence the poor understanding of climate variations on its evolutions. Regular observations of spatial and temporal dynamics of ET are important and will strengthen our knowledge base of water and energy balance in the region. Because of the lack of considerable investments in ET gauge measurements for hydro-meteorological applications, some large scale ET studies recoursed to the use of remote sensing data and outputs from hydrological models (Andam-Akorful et al. 2015; Schüttemeyer et al. 2007; Marshall et al. 2012a) .
With an improved ET algorithm to estimate global and regional terrestrial ET using satellite observations, meteorological data, and remote sensing model of transpiration, driven with vegetation indices, the accuracy of ET data has improved greatly (AndamAkorful et al. 2015; Marshall et al. 2013; Mu et al. 2011; Gowda et al. 2008) . A validation study of ET estimates in West Africa (Schüttemeyer et al. 2007) suggests that satellite-derived ET can actually be used to verify meteorological models in data-poor regions. In another ET-related region-specific case study, Marshall et al. (2012b) reported on the integration of ET with surface reanalysis data to optimise agricultural drought monitoring in Kenya. They stressed the need to also account for atmospheric moisture demand, which is useful in characterising the reproductive phase of crop growth. They further mentioned that declines in ET are consistent with declines in crop yield and can serve as a measure of crop stress. Furthermore, using global land data assimilation system (GLDAS, Rodell et al. 2004 )-derived ET, Marshall et al. (2012a examined ET trends over Africa, associating increase in maximum temperature to the observed decline of ET over western Sahel. Given that the enormous landscape of Africa is a web of different physical processes and interactions that affect ecosystem dynamics and water cycle, more studies are required to unmask the evolutions of complex hydrological processes in the region. Identifying ET drivers and understanding its seasonal distributions and variations in relation to other hydrological indicators (e.g. soil moisture), for example, could provide further perspectives on the region's water cycle and land-atmosphere coupling.
In this contribution, an attempt is made to understand the regional dynamics and trajectories of ET during the 2000-2014 period by analysing ET over large proportions of SSA using cumulant-based multivariate techniques (Cardoso 1999; Cardoso and Souloumiac 1993) and Man-Kendall's statistics. Contrary to previous studies, the spatial and temporal dynamics of ET are localised in the region using this multivariate technique. The specific aims of this study are to (i) identify the leading modes of ET and understand its dynamics and (ii) examine the impacts of soil moisture deficits on ET dynamics in the region.
Materials

MODIS global terrestrial evapotranspiration project
This study used the improved version of MODIS (Moderate Resolution Imaging Spectroradiometer) global terrestrial evapotranspiration (ET) products by Mu et al. (2011) . Although there are other ET estimates based on an improved version of a processbased biogeochemistry model, Terrestrial Ecosystem Model (Liu et al. 2013 , we have used Mu et al. (2011) MODIS global ET product. This is because Andam-Akorful et al. (2015) recently reported that MODIS-derived ET estimations over the Volta basin in the region represented relatively lower magnitude of uncertainties (3.99 mm/month) compared to Global Land Data Assimilation System (GLDAS)-NOAH (Rodell et al. 2004 ) and terrestrial water budget (TWB)-based ET estimations, which indicated 7.06 and 18.85 mm/month, respectively, in the magnitude of their uncertainties. On the error structure of ET models, vegetation indices and flux magnitudes have been identified as significant drivers of model error (Polhamus et al. 2013 ). The total global annual ET as estimated over vegetated land surface using the improved MODIS-derived ET of Mu et al. (2011) showed better agreement with previous estimates of ET over the terrestrial land surface. To this end, we analysed the spatio-temporal variability of ET over SSA using the MODIS-derived ET product of Mu et al. (2011) . This monthly ET data has a spatial resolution of 0. (Ndehedehe et al. 2016a; Thiemig et al. 2012) . Further, the monthly TRMM precipitation was resampled into 0.5 • × 0.5 • in order to ensure a common spatial resolution with ET. This is important for consistency as correlations between TRMM precipitation and ET was spatial or grid based.
Climate Prediction Center soil moisture
Evapotranspiration is limited by soil moisture availability (Jung et al. 2010) . To examine such impacts over SSA, this study employed monthly Climate Prediction Center (CPC) model soil moisture data (Fan and Dool 2004) with spatial resolution of 0.5 • × 0.5 • for the common period as ET. The data is freely available at NOAA's website for download (www. esrl.noaa.gov/psd/data/gridded/data.cpcsoil.html). To explore the relationships between observed drought patterns and ET dynamics, the data was used to construct standardised soil moisture index (SSMI) for the period during 1979-2013 by employing a 6-month aggregation scale, which is rather suitable to monitor agricultural drought (Agutu et al. 2017; Ndehedehe et al. 2016b) . The model soil moisture data for the period during 2000-2014 consistent with ET was also analysed to understand the distribution of spatial trends in soil water over SSA.
Land surface temperature
The land surface temperature component of Global Land Data Assimilation System (GLDAS, Rodell et al. 2004 ) data used in this study was obtained from the Goddard Earth Sciences Data and Information Services Center (GESDICS). GLDAS uses data assimilation techniques to generate series of land surface state. The monthly land surface temperature with spatial resolution of 1.0 • × 1.0 • used in this study was derived from the CLM component of GLDAS. In the presence of moisture, evapotranspiration depends basically on the solar energy available to vaporise the water from plants and soil (Hanson 2013) . Therefore, the data covering the years 2000-2014 was used to study the impacts of land surface temperature on ET dynamics over SSA.
Terrestrial water storage from Gravity Recovery and Climate Experiment
The Gravity Recovery and Climate Experiment (GRACE) (Tapley et al. 2004 ) satellite mission provides changes in terrestrial water storage TWS (sum total of changes in groundwater, soil moisture, surface waters, and canopy) based on observations of the Earth's time variable gravity fields. The GRACE Release-05 (RL05) spherical harmonic coefficients from the Center for Space Research (CSR, http://icgem.gfz-potsdam.de/ICGEM/shms/monthly/ csr-rl05/degree60/), truncated at degree 60, covering the period between 2002 and 2014 were used in the study to estimate TWS. The approaches from previous studies (Landerer and Swenson 2012; Fenoglio-Marc et al. 2012; Ndehedehe et al. 2016a) were followed in the processing of spherical harmonic coefficients and post processing of computed equivalent water heights as they are only briefly mentioned here. The land water storage expressed in terms of equivalent water heights (hereafter called TWS) were computed on a 1 • × 1 • grid from the filtered monthly GRACE-solutions following the method of Wahr et al. (1998) :
where T is the variations in TWS for each month in time (t), and where φ, λ are latitudes and longitudes, respectively. R is the radius of the Earth taken to be 6378.137 km, ρ ave is the average density of the Earth (5515 kg/m 3 ), w is the average density of water (1000 kg/m 3 ), k l is the load Love numbers of degree l, P lm are the normalised associated Legendre functions of degree l and order m with l max = 60, and Y lm are the normalised complex spherical harmonic coefficients after subtracting the long-term mean. Since inception, GRACE-derived TWS has been employed in several hydrological applications as summarised by Wouters et al. (2014) and is gradually emerging as a tool for ecosystem assessment and climate studies in Africa and other regions (Ndehedehe et al. 2017b (Ndehedehe et al. , 2018a Abiy and Melesse 2017; Yang et al. 2014) .
Methods
Regionalisation of evapotranspiration
The independent component analysis (ICA, Cardoso 1999; Cardoso and Souloumiac 1993) is an advanced multivariate, fourth order statistical method that explores the hidden dynamics of a given system through the rotation of its principle components towards independence. Due to its computational efficiency and improved skill in signal decomposition (Cardoso 1999) , the ICA method has been employed in analysing GRACE-derived TWS (Ndehedehe et al. 2017a, b; Boergens et al. 2014; Awange et al. 2014; Frappart et al. 2011) and to localise drought signals (Ndehedehe et al. 2016b, c) . As it was mentioned in Ndehedehe et al. (2017b) , the interest in regionalizing hydro-climatic signals at global and basin scale is increasing and has resulted in the applications of ICA in geophysical signal separation, regionalisation of hydrological data, and drought characterisation. In this study, the Joint Approximate Diagonalisation of Eigen (JADE) matrix ICA algorithm fully documented by Cardoso and Souloumiac (1993) and Cardoso (1999) was used to regionalise (i.e. decompose into independent temporal and spatial patterns) ET over SSA. The leading orthogonal modes that explain the most variability in the dataset, x, were first identified using the empirical orthogonal function analysis (EOF, Hannachi et al. 2007; Hendricks et al. 1996) method as
where P i are linear combinations of x while e ij are the set of empirical orthogonal functions (EOFs). Projecting the data x onto the EOFs, we obtain the principal components (PCs) P i , which can be expressed as (Ndehedehe et al. 2016a ) 
e ij is determine such that P i,1 are the new uncorrelated variables and the expression of the original data in the new coordinate system. P i,1 explains the highest variance of the multivariate data x while P i,2 , P i,3 up to P i,k explain the possible amount of the remaining variance. The EOFs are spatially orthonormal while the PCs are orthogonal and linearly independent. The statistical significant modes obtained from Eq. 3 were further rotated and decomposed using the ICA technique as
where X comprise the leading orthogonal modes for ET over the study area, p represents the number of months, and q is the number of grid cells (observations). The columns of A j consists of the dominant temporal evolutions of the hydrological quantities, which are unit-less while the rows of S j are their corresponding statistically independent spatial patterns. Further helpful theoretical details on this method can be found, for e.g. in Cardoso and Souloumiac (1993) , Cardoso (1999) , Ziehe (2005) , and Ndehedehe et al. (2016b) . The derived ICA modes are the combination of the temporal evolutions and the spatial patterns and are jointly interpreted to get the variability in the datasets (i.e. ET).
Trends and correlation analysis
Sen's slope (Sen 1968) estimator was used to estimate trends since it is robust and resistant to outliers. Sen slope (S i ) is the median overall values of the whole data and is estimated as
where P j and P i represents data values at time j and i (j > i), respectively, while n is the number of data. The slope can be positive indicating increasing trend or negative, indicating decreasing trend. The significance of observed trends was tested using ManKendall's test (Mann 1945; Kendall 1970) , a widely used non-parametric method in testing the significance of trends. The Mann-Kendall statistic (M) is a non-parametric method and is calculated as
where n is the number of data locations. Machiwal and Jha (2012) suggests that even n values as low as 10 can be used in Man-Kendall's test provided there are no too many tied values. Supposing that
The M statistic represents the positive and negative differences for all data samples under consideration. The mean of the statistics under the null hypothesis is zero and is given as E[M] = 0 while its variance (σ ) is given as
The Man-Kendall test statistics (M) is approximately normally distributed, subject to the following Ztransformation,
The null hypothesis (no trend), H 0 , was tested at α = 0.05 (95% confidence level). Also, in order to understand the relationship of ET with TWS-and TRMM-based precipitation, the monthly grids of ET were correlated with those of TWS and TRMM for the common period using Pearson correlation (r). The linear correlation between two hydrological quantities is given as
where σ ij, σ ii, and σ jj are the given covariances between the two hydrological variables. Before the correlation, the gridded ET data was resampled to a 1 • × 1 • regular grid as the GRACE-derived TWS while TRMM-based precipitation was resampled to a 0.5 • ×0.5 • regular grid as the original ET data in order to ensure consistency in the number of grids sampled for each variable. Also, since ET is a flux and TWS a hydrologic state variable, TWS change (TWSC), which is the approximation of the water mass variations in a particular month (t) as shown in Eq. 1 was derived from numerical differentiation using the center difference approach as (Ferreira and Asiah 2015) dT
Thus, the GRACE-derived TWSC was correlated with ET during a common period (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) . The ET-TWSC relationship was considered to examine the potential of TWSC in monitoring the impacts of climate variability on the dynamics of ET.
Soil moisture drought index
Droughts are environmental disasters that affect water fluxes and can result in a range of negative impacts such as reduced water supply, crop failure, reduced range productivity, and disturbed riparian habitats amongst others (Mishra and Singh 2010) . As a followup to the observed hydrological conditions in the Congo basin, standardised soil moisture index (SSMI) was further employed to evaluate the impact of drought as it relates to the behaviour of observed ET in the region. To this end, similar to standardised precipitation index (SPI, McKee et al. 1993 ), a distribution function was fitted to the CPC-based soil moisture data for the period of 1979-2013. Instead of the usual parametric approach, which uses a gamma distribution, Pearson III distribution, lognormal, or any other distribution (Kumar et al. 2015 ; Mishra and Singh 
where n is the sample size, j represents the rank of non-zero soil moisture data starting from the smallest while p(x j ) is the corresponding empirical probability. Equation 12 is transformed to a standardised index as
where φ is the standard normal distribution function and ρ is the probability obtained from Eq. 12. The SSMI was based on a 6-month aggregation scale since that is more suitable for agricultural drought applications (Ndehedehe et al. 2016b ). The SSMI values obtained from Eq. 13 were further decomposed into spatial and temporal patterns using the regionalisation technique described in "Regionalisation of evapotranspiration". This approach optimises drought analysis as it serves as a suitable method that enables the spacetime monitoring of drought occurrence (Ndehedehe et al. 2016b, c) . The spatial and temporal evolutions of SSMI are interpreted together using the McKee et al. (1993) classification system summarised in Table 1 .
Results and discussion
Leading modes of evapotranspiration
The regionalisation of ET resulted in four leading modes (temporal and spatial patterns), accounting for more than 90% of the total variability in ET over SSA Fig. 2 The spatial and temporal dynamics of ET over SSA using the ICA technique. The independent components (ICs) are temporal evolutions (right) corresponding to the spatial patterns (left). These ICs are unit-less since they have been normalised using their standard deviations while the corresponding spatial patterns have been scaled (they have been adjusted to their original units-mm) using the standard deviation of the computed ICs (Fig. 2) . Generally, the observed spatio-temporal variability of ET over SSA emanates mostly from areas that are predominantly savannas, forests, grasslands, agricultural biomes (cf. Fig. 1b) , and regions that are well known to be characterised by considerable fluctuations in climate. For example, it is obvious that the dominant variability of ET in SSA, which accounts for about 28% of the total variability, is found in the savannas of West and Central Africa (IC1, Fig. 2 ). The spatial patterns of IC2 (Fig. 2) , which accounts for 22.5% of the total variability in ET, is found in the Congo basin, home to the second largest rainforests on Earth while the spatial patterns corresponding to IC3 in Fig. 2 are largely cultivated ecosystems and savannas located in the Sahelian countries (cf. Fig. 1b) . The evolving temporal patterns associated with the spatial variations of ET (IC1-IC4, Fig. 2 ) indicate strong annual variations with peak maximum amplitudes that generally seem to be consistent with the well-known variability of rainfall in the region. By interpreting the temporal and spatial patterns of ET together ("Regionalisation of evapotranspiration"), the lowest observed maximum ET peak occurred in 2004 at southern Chad (IC3, Fig. 2 
Evapotranspiration dynamics
Spatial trends in ET during the 2000-2014 period
Spatial variations of significant (α = 0.05) monthly trends in ET show a widespread increase along the Sahel, Central African Republic (CAR), and Gabon while the southern Congo basin is mostly characterised by declines of more than 5 mm/month/year (Fig. 3a) , which is consistent with the results depicted in Fig. 2 (i.e. IC2). The spatial distribution of positive trends in ET during the November-March period when rainfall is relatively low appears to be restricted to only few countries of West Africa, southern Congo, and Gabon (Fig. 3b) . On the contrary, the AprilOctober period characterised by heavy rainy seasons in the region shows large distributions of increasing ET in the region (Fig. 3c) . Overall, be it rainy or dry seasons, significant parts of the Congo basin indicate far-reaching ET loss during the 2000-2014 period (Fig. 3a-c) . It seems most changes in ET during the period largely occurred during periods when rainfall oscillates strongly as the spatial pattern of ET trends during April-October period (Fig. 3c) , though relatively stronger, is similar to observed spatial variations in all monthly time series of ET in Fig. 3a . Soil moisture is a major driver in the ET process. As ET is known to be driven primarily by soil moisture limitations (Jung et al. 2010) , it would be expected that observed evapotranspiration trends will coincide with spatial variations of soil moisture trend (Fig. 3d) . Whereas this is true for some locations in CAR and the Congo basin, the spatial distributions of soil moisture trends are significantly inconsistent with those of ET in the region (Fig. 3a, d ). For instance, in Guinea and south-east Nigeria where soil moisture showed a considerable increase and decrease, respectively (Fig. 3d) , there were no corresponding significant changes in ET (Fig. 3a) during the period. Our understanding of the evapotranspiration process in relation to soil moisture change may be complicated in the Sahel due to some physical properties (e.g. structural stability, crusted soils, and low organic matter contents) of the Sahelian soil as reported by Descroix et al. (2009) , and perhaps increased temperature in some areas (Fig. 4a) and strong variability in annual rainfall. It has been argued that rising temperature with a corresponding decrease in rainfall will result in increased ET (Abtew and Melesse 2013) . Again, ET trends in Guinea and (Fig. 3a) showed otherwise despite decrease in maximum rainfall, which was accompanied by a significant rise in maximum temperature (Fig. 4a, b) . Although the spread of spatial trends in rainfall are significantly different from those of ET, there are pockets of positive ET trends, however, in some areas where rainfall showed increase (Figs. 3a  and 4b ). In such locations, rainfall is likely to be spatially homogenous and climate variability rather low. Thus, a rise in ET can be attributed to increased rainfall, and during periods of prolonged deficits in rainfall, transpiration from existing forests and extensive vegetation cover may also lead to increased ET. For the arid Sahel, which is largely characterised by high spatial variability in rainfall and extreme climatic conditions, the evolutions of ET trends may be inconsistent with rainfall due to a possible high evaporative demand linked to increasing radiative forcing. Generally, it is noted nonetheless that regions with rising ET (Fig. 3a-c) coincide with drought-vulnerable areas and where severe drought events have been reported during the same period (Ndehedehe et al. 2016b, c; Hua et al. 2016) . Given that drought periods are characterised by low humidity and clear sky days, which creates advantageous and thriving environment for rising ET (Abtew and Melesse 2013) , moisture limitations in the semi-arid Sahel may be a significant driver of changes in ET trends. On the flip side, widespread ET declines in the Congo basin are consistent with observed declines in soil moisture and TWS (Fig. 3d , e) despite sparsely distributed positive trends in maximum rainfall in some locations of the basin (Fig. 4b) . During the last decade, large parts of the Congo basin experienced massive drying as hydrological conditions have been rather unfavourable (Ndehedehe et al. 2018b; Hua et al. 2016; Zhou et al. 2014; Ahmed et al. 2014) . The contributions of climate variables such as rainfall, relative humidity, sunshine duration, wind speed, temperature, and leaf area index arguably provide considerable influence on ET changes (Song et al. 2017; Cao et al. 2014; Liu et al. 2013) . The impact of anthropogenic contributions (e.g. irrigation, deforestation, agricultural expansion, land use change) on rising and decreasing ET is however well known (Zou et al. 2017; Han et al. 2017; Cao et al. 2014; Liu et al. 2008) , and in some cases such impacts are even considerably higher than those of climate variations (Zou et al. 2017) . Overall, changes in ET over the different landscapes of SSA therefore appear to be a more complex phenomenon that transcend natural climate variations.
Spatial correlations of ET with TWSC and rainfall
The correlation results of ET with TWSC and rainfall show that ET has strong association with TWSC (Fig. 5a) where the four leading modes of ET variability were observed (Fig. 2) . Except for some few locations (e.g. Liberia, Garbon, Congo basin cuvette) where the associations are rather weak, the observed correlations between ET and TWSC are generally strong and more than 0.8 over large portions of SSA. Rainfall on the other hand is strongly correlated with ET over the whole of CAR and Western African countries (Fig. 5b) where the strongest variability in ET (28.1%) was observed (IC1, Fig. 2 ). Although higher temperatures in the arid Sahel ("Evapotranspiration over SSA: synopsis and seasonal distribution") are bound to also impact on ET rates, strong correlations between ET and TWSC in the region (Fig. 5a ) are indications ET may be more closely connected to moisture and water availability than with other drivers of its variability (e.g. humidity, land use change, wind speed). The observed association between GRACEderived TWSC and ET confirms that TWSC is a key water budget indicator that can be used to assess the state of available water resources in a given catchment.
Moreover, the considerably strong ET-TWSC relationship over SSA presents TWSC as a useful tool in the monitoring of climate impacts on the variability of ET and water budget.
ET over the whole of CAR indicates a strong spatial consistency (i.e. positive correlation) with rainfall (Fig. 5b) . In CAR, 22 vegetation types ranging from savannas, swamp forests, to other forest showed strong correlation with rainfall (Gond et al. 2013 ). Since CAR is predominantly characterised by natural vegetation and croplands, this strong positive ET correlation with rainfall will be expected. The CAR is an area of dense vegetation and rainfall is expected to correlate well with plant biomass as surface greenness is usually associated with wet conditions. Other natural vegetation areas in Cameroon, Nigeria, Ghana, Benin, and Ivory Coast (cf. Fig. 1b ) also show strong positive distributions of correlation values between ET and rainfall. In the western Sahel region (i.e. parts of the Senegal, Volta, and Niger basins- Fig. 1a ) however, relatively strong negative correlations of ET with rain- fall are observed in southern Mali, north-east Guinea Burkina Faso, Guinea-Bissau, southern Niger, Senegal, and Gambia while weak negative correlation is seen in the central part of the Democratic Republic of Congo-DRC (Fig. 5b) . It seems that these areas where ET is negatively correlated with rainfall are highly irrigated agricultural lands. An instance of this is the southern Niger where rice irrigation is common, and relatively high annual water withdrawal per inhabitant (Mali, Senegal Niger, and Guinea) has been documented (Frenken 2005) . The inverse relationship between ET and rainfall in the DRC is modest in some locations and for the most parts weak. On the other side of SSA (i.e. in Eastern African countries especially Ethiopia, Nile Delta, and Uganda), Alemu et al. (2015) observed similar negative correlations between ET and rainfall in irrigated croplands, wetlands, and forests. Moreover, from the seasonal distribution of ET over SSA (see "Evapotranspiration over SSA: synopsis and seasonal distribution"), it is noted that except for the wet seasons (i.e. the April-June and July-September period), ET values are extremely low in these Sahelian countries (i.e. Mali, Burkina Faso, Senegal, Gambia, and Guinea-Bissau) with observed negative ET-rainfall relationship. Low ET distribution is an indication of low soil water availability resulting from limited precipitation and restricted alimentation or water deficits. This necessitates irrigation in some areas since the main crop seasons occur during the January-March and October-December periods given the fact that rainfall is highly variable. The region is unarguably a rain-fed region; however, Frenken (2005) reported that about 2,619, 950 ha of land in the Sudano-Sahel area is under irrigation. In fact, for the entire SSA, they further reported an increasing trend of total water withdrawals (i.e. for a 10-year period) from 73.60 km 3 /year in 1994 to 120.90 km 3 /year in 2004, with agricultural water use being the highest (i.e. 62.9 km 3 /year in 1994 to 104.7 km 3 /year in 2004), followed by domestic (i.e. 7.5 km 3 /year in 1994 to 12.6 km 3 /year in 2004) and industrial use (i.e. 3.2 km 3 /year in 1994 to 3.6 km 3 /year in 2004).
Evapotranspiration over SSA: synopsis and seasonal distribution
In this section, the goal is to discuss the seasonal distribution of ET. More importantly, we make efforts to understand the variable response of seasonal distribution of ET to land surface temperature, and other observed water fluxes in the SSA domain. This knowledge can provide a theoretical framework that could be used to advance hydrological science and improve our understanding of the land-atmosphere coupling in the region. The seasonal ET patterns were classified based on the seasonal rainfall patterns of the countries in SSA. For the countries above the Equator (i.e. Gulf of Guinea countries), the rainy seasons come during April-June and July-September period while the dry seasons are mostly during the JanuaryMarch and October-December period. For the SSA equatorial countries (countries with equatorial climate along the Equator), the wet seasons come during March-April and September-November period. ET is low during the main crop seasons (January-March and October-December period) in the tropical countries and generally high during the mid crop seasons (March-May, April-June, and July-August) (Fig. 6 ) due to the presence of heavy rainfall, wet soils, and transpiration from plants during those periods. In the high vegetation and canopy areas (Figs. 1b and 6 ) with high amplitudes of annual rainfall and TWS (Ndehedehe et al. 2016a) , ET may be constrained basically by temperature, while in some of the semi-arid Sahelian areas characterised by grasslands and shrubs, ET would be a function of available soil moisture, which usually is determined by rainfall. Notice that from Latitude 16 • or there about (the Sahara Desert), there are practically no fluxes (Fig. 6) , the more reason why the ET-rainfall and ET-TWS relationships are nonexistent in those areas (Fig. 5 ) probably due to extreme aridity and exceedingly high temperatures (Fig. 7) . Although soil moisture and rainfall can be highly variable, most Sahelian areas are arid and waterlimited ecosystems characterised by considerably low seasonal ET distribution (Fig. 6) .
Further, it is observed that temperature is generally and relatively low in all seasons in the Congo basin especially the DRC with values ranging from 20 − 23 • C (Fig. 7) . The DRC is mostly characterised with dense moist forest, tree and woodland savanna, grasslands, and forests. That may possibly lead to the assumption that transpiration is the dominant ET component in this region (i.e. the DRC). Water loss through ET in this region should depend largely on the amount of foliage on the land surface not necessarily through evaporation. Moreover, the combined effect of intensive human activities (e.g. deforestation, land use change) and decline in seasonal and annual rainfall can sometimes lead to declines in ET. For instance, during the period of , Alemu et al. (2015 observed over the Nile basin negative trends in ET that were associated with declines in rainfall and land degradation caused by human activities. The fact that sections of the Congo basin (especially the DRC) showed significant declines in ET, soil moisture, and TWS during the period of 2002-2014 (Fig. 3a-d) , besides confirming wide spread water deficits and intensification of the hydrological cycle (Huntington 2006) , may predispose and open up a leeway of greater loss of bio-diversity and ecosystem services in the region. This apparently could lead (Table 1) are jointly derived from the localised spatial drought patterns (right) and their corresponding temporal evolutions (left). The black solid line is drought threshold to a significant negative impact on the regional water cycle, water budget, agriculture, and the economy at large. However, the role of atmospheric relative humidity, deforestation, and climate teleconnections on the hydrological behaviour of the region remains pertinent questions that requires further research using a data-driven approach.
The impacts of soil moisture deficits on evapotranspiration
The impact of soil moisture deficits on ET dynamics is examined by analysing agricultural drought using long-term CPC model soil moisture . Agricultural drought (insufficient water availability in the soil caused mostly by rainfall deficits, insufficient water-holding capacity in the soil's root zone, and high atmospheric demand, e.g. Marshall et al. (2012b) ) over the Congo basin was investigated by computing a standardised soil moisture index (SSMI) based on a 6-month aggregation scale. Since soil moisture conditions respond to changes in precipitation on a short scale (Mishra and Singh 2010) , a soil moisture-based drought index can provide the capability of monitoring drought and wet conditions suitable for agricultural applications. The results of the spatiotemporal drought analysis (Fig. 8) confirms that the observed soil moisture deficit in some parts of the Congo basin must have contributed to observed ET loss (Fig. 3a-c) . From the temporal evolutions of SSMI (IC1-IC4, Fig. 8 ), hydrological conditions of the Congo basin were apparently better between 1982 and 1998 as opposed to the period between 2000 and 2014 when areas under droughts based on the classification in Table 1 were relatively high. The amplitudes of temporal SSMI patterns were mostly indicative of extreme wet conditions in the 1980s and 1990s while the period between 2000 and 2014 for the different zones (IC-IC4, Fig. 8) were generally characterised by deficit soil moisture conditions (when index falls below the zero mark) or drought conditions ranging from moderate to extreme (Table 1) . Except for the CAR region where wet conditions continued unabated till 2001 (IC3, Fig. 8) , generally, the preponderance of these extreme wet conditions ceased for other locations of the basin after 1997 (IC1 and IC4, Fig. 8 ) and 1995 (IC2, Fig. 8) . In a study of global land evapotranspiration, Jung et al. (2010) observed global annual evapotranspiration increase between 1982 and 1997 that ceased after the El-Ninõ event of 1998. Especially over Africa, they attributed the observed declines in ET after this period to moisture deficits. Whereas the results in Fig. 8 indicating similar fluctuations in soil moisture conditions are rather consistent with the findings of Jung et al. (2010) , it further emphasise the role of the Congo basin in regulating global climate.
In the central DRC (IC1, Fig. 8 ), soil moisture deficits are observed in 2005, 2007-2009, and 2011. Notice that the southern DRC where ET went down (IC2, Fig. 2 ) is the catchment with longer drought duration (IC2, Fig. 8 ). Although with marked fluctuations, this southern DRC indicates a soil moisture deficit since 2006 up till 2014 consistent with observed decline in ET. The fact that ET responds and becomes restricted by soil moisture is well known (Jung et al. 2010; Marshall et al. 2012a) . ET generally rely on soil moisture availability and net solar radiation, which largely depends on temperature. Considering the relatively low land surface temperature in much of the Congo basin in all seasons (Fig. 7) , and the significant decline in soil moisture (Fig. 3d) Fig. 8 ) also indicate moderate to severe drought conditions in the upper and lower (i.e. southern Congo and northern Angola) sub-regions of Congo basin, respectively. Overall, the areas with ET declines in the Congo basin (Fig. 3) seem to have occurred in catchments with one of the longest duration in soil moisture deficits as can be seen in the extreme south of the basin (IC2, Fig. 8 ). To say the least, the observed hydrological footage is indicative of some sort of climatic shift and or acceleration of the water cycle that may impact on agricultural potentials. That is to say, decline in ET and soil moisture may proportionately impact negatively on crop yield. Marshall et al. (2012b) reported an instance of this in Kenya where a 1% decline in ET resulted in a loss of 1.5% in maize yield. While it is true that the availability of soil water is critical at every stage of crop development, Marshall et al. (2012b) further stressed the extreme sensitivity of crops to soil moisture especially during their reproductive stages. On the whole, extreme climate conditions (e.g. droughts) impact negatively on agriculture leading to reduced annual crop yield. In this study, soil moisture data was used to monitor soil water deficit, which is useful in agricultural applications. However, integrating ET-based index and other hydrological quantities (e.g. precipitation and soil moisture) in future studies could improve agricultural drought monitoring, forecasting changes in forest growth/crop yield, and characterising the reproductive phase of crop growth. The seeming realities of drought conditions and declines in water fluxes calls for an inclusive and in-depth assessment of the Congo basin's terrestrial hydrology. It is particularly essential that new approaches, such as integrating science and policy solutions for sustainability in agriculture and water resources over the Congo basin, be considered in future studies.
Conclusions
In this study, the dynamics of ET over large proportions of SSA is analysed using multivariate techniques and Man-Kendall's statistics. Essential to our analysis is the assessment of spatial and temporal dynamics of ET in relation to soil moisture deficits. Results from the study show that the leading four modes of variability in ET stretch from the Sudano-Sahel region to the Congo basin and account for about 90% of the total variability. These regions are predominantly savannas, forests, grasslands, and agricultural biomes and also known to be characterised by strong variability in annual and seasonal rainfall. Interestingly, the strongest variability of ET (28.1%) was found in areas where rainfall was well correlated (positive) with ET. Apparently, ET indicated strong spatial relationship with TWSC over much of SSA where all the four leading ET modes were localised. The strong ET-TWSC relationship suggests the potential of GRACE-derived TWSC as an essential water budget indicator and tool that could support the monitoring of climate impacts on the variability of ET and water budget in the region. Spatial variations of monthly grids of ET trends over much of the Congo basin showed significant declines while it increased significantly over the whole of CAR and some sections of the Sahel region (excluding western Sahel). But during the April-October period when the preponderance of rainfall is observed over much of SSA, the spatial variations of ET trends are much stronger and widespread as opposed to the NovemberMarch period when rainfall is usually restricted. The spatial distribution of these trends, be it all monthly time series or seasonal, was found to be somewhat consistent with soil moisture trends, however, not in all locations (e.g. Guinea, Sierra Leone, and southern Nigeria) and may be partly caused by inconsistent trends in temperature and rainfall.
The results of multivariate drought analysis confirm that the extensive ET losses in the Congo basin were largely induced by soil moisture deficits/droughts in the region (i.e. between 1998 and 2014), confirming the role of soil moisture as a major driver in the ET process. The apparent realities of such water deficit conditions (i.e. relative to the 1982-1997 period) and declines in water fluxes of the Congo basin is a clarion call for the hydrologic community to adopt an inclusive and in-depth assessment of the basin's terrestrial hydrology. Regarding our understanding of the water needs of irrigated agricultural landscapes and ecosystems in relation to climate change, it is particularly essential that new options and strategies, such as the joint use of composite ET-based index and other hydrological quantities (e.g. net-precipitation) be incorporated in future studies to provide more information on the impacts of climate variability on ET dynamics and how it influence water availability. Generally, the findings of this study could be fundamental cornerstones that will foster such decisions for the data-limited African sub-region.
